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Within dendritic spines, actin is presumed to anchor
receptors in the postsynaptic density and play
numerous roles regulating synaptic transmission.
However, the submicron dimensions of spines have
hindered examination of actin dynamics within them
and prevented live-cell discrimination of perisynaptic
actin filaments. Using photoactivated localization
microscopy, we measured movement of individual
actinmoleculeswithin living spines. Velocity of single
actin molecules along filaments, an index of filament
polymerization rate,was highly heterogeneouswithin
individual spines. Most strikingly, molecular velocity
was elevated in discrete, well-separated foci occur-
ring not principally at the spine tip, but in subdomains
throughout the spine, including the neck. Whereas
actin velocity on filaments at the synapse was
substantially elevated, at the endocytic zone there
was no enhanced polymerization activity. We con-
clude that actin subserves spatially diverse, inde-
pendently regulated processes throughout spines.
Perisynaptic actin forms a uniquely dynamic struc-
ture well suited for direct, active regulation of the
synapse.
INTRODUCTION
Synapses are inherently plastic and undergo persistent changes
in both strength and postsynaptic composition which are
thought to underlie many forms of experience-driven learning.
Remarkably, plasticity at individual synapses is not coupled to
changes at nearby synapses (Malenka and Bear, 2004). Such
autonomy apparently is possible because dendritic spines, the
micron-sized dendritic protrusions that are the site of most
synaptic contacts in the brain, contain molecular machinery to
permitmodification independent of neighboring spines (Newpher
and Ehlers, 2009).
A critical component of this machinery is actin, the major cyto-
skeletal element of dendritic spines known to play a variety of86 Neuron 67, 86–99, July 15, 2010 ª2010 Elsevier Inc.roles regulating the synapse. Most prominently, actin has long
been recognized as the principle determinant of spine mor-
phology (Caceres et al., 1983; Penzes et al., 2008), and it is clear
that regulation of actin drives spine structural plasticity over time
scales of minutes to hours (Matus, 2000). Rapid morphological
change is possible because actin within spines undergoes
continuous turnover, driven by the broadly conserved mecha-
nism of new monomer addition at the barbed end of existing
filaments, and removal from the pointed end (Honkura et al.,
2008; Hotulainen and Hoogenraad, 2010; Star et al., 2002).
Except in the casesof synaptogenesis or synapsedisassembly,
thephysiological roleof actin-drivenchanges in spinemorphology
is surprisingly unclear. In fact, it is probable that control of spine
morphology per se is not the most important function of ongoing
actin polymerizationwithin spines. This is clear from observations
that spinemorphology is inmanycasesdissociable fromplasticity
of synaptic strength (Bagal et al., 2005; Sdrulla and Linden, 2007;
Wang et al., 2007; Zhou et al., 2004), whereas ongoing actin poly-
merization is critical for the induction and maintenance of long-
term potentiation (Fukazawa et al., 2003; Krucker et al., 2000;
Rex et al., 2009). On the other hand, accumulating evidence
suggests that actinplays a variety of other, specific roles in spines,
mostnotably at thepostsynapticdensity (PSD).Anumber ofactin-
binding proteins interact with neurotransmitter receptors or PSD
scaffold molecules (Cingolani and Goda, 2008; Penzes et al.,
2008), supporting the notion that actin serves to ‘‘anchor’’ recep-
tors in the synapse. However, disruption of actin polymerization
with latrunculin results in a reduction of AMPA receptors in
synapses (Zhou et al., 2001), suggesting that this role of actin
may involve dynamic filaments instead of static anchorage.
Consistent with this, ongoing polymerization exerts direct control
over the structure and composition of the PSD itself, both by
driving ongoing structural rearrangement (Blanpied et al., 2008)
and maintaining a defined subset of scaffolding proteins within
the PSD (Allison et al., 2000; Kuriu et al., 2006). Actin filaments
have in addition been suggested to regulate both AMPA receptor
exocytic mobilization and internalization (Correia et al., 2008;
Osterweil et al., 2005; Wang et al., 2008), actions which are likely
distinct from effects at the PSD. Thus, actin polymerization serves
multiple roles in spines to regulate synaptic function, in particular
by regulating components of the synapse directly.
Despite the importance of actin polymerization in controlling
synaptic function, the nature of perisynaptic actin remains
Neuron
Spine Actin Dynamics Resolved with PALMundetermined. Electron microscopy has provided a static
picture of branching actin filaments, which reach throughout
the spine and appear to interact with the PSD (Landis and Reese,
1983), but has not revealed any potential dynamic nature of
these structures. Conversely, numerous studies have investi-
gated the regulation of actin in spines of living neurons (Honkura
et al., 2008; Hotulainen et al., 2009; Okamoto et al., 2004; Star
et al., 2002), but generally lacked the resolution for measurement
of actin dynamics at spine subregions. Further, though actin
regulates AMPA receptor internalization, and endocytosis in
many systems is actin dependent (Kaksonen et al., 2006; Merri-
field et al., 2002), whether actin is directly associated with the
endocytic zone is not clear. Thus, it is not known whether actin
at the PSD or endocytic zone is static or dynamic, and more
generally whether actin polymerization in single spines is regu-
lated globally throughout the spine or more precisely within
functional spine subdomains.
A major obstacle to discerning the spatial organization of actin
polymerization within spines is their small size. Here, we
reasoned that tracking single molecules of intracellular proteins
within the small confines of living neurons could resolve spine
organizational substructure by surpassing the limits imposed
by diffraction. Using photoactivated localization microscopy
(PALM) (Betzig et al., 2006; Hess et al., 2006; Manley et al.,
2008) to track single actin molecules in the spines of living
neurons, we find that spines contain highly localized but spatially
diverse foci of polymerization, frequently but not exclusively at
the PSD.
RESULTS
Distributed Sites of Actin Polymerization
within Single Spines
To identify regions of actin polymerization within dendritic
spines, we transfected cultured hippocampal neurons with actin
tagged with photoactivatable-GFP (PA-actin). Actin molecules in
single spines were labeled selectively by two-photon photoacti-
vation. Photoactivation within the targeted region was complete
with a single activation (Figures S1A–S1C, available online).
Photoactivated PA-actin exited the spine rapidly, following a
time course described well by a single exponential decay (t =
17.94 ± 0.70 s; r2 = 0.991 ± 0.001, n = 32) with 4.1% ± 0.6%
remaining after 96 s. We, like others (Honkura et al., 2008; Star
et al., 2002) find that this rate is far slower than the diffusion of
monomeric PA-actin (Figures S1D–S1F) or PA-GFP (Figure S1G),
and instead reflects treadmilling cycles of actin polymerization
(elongating filaments through addition of actin monomers to their
free, barbed ends) and depolymerization (Figures S1H and S1I;
Movie S1).
The rate of decay was faster at the spine tip than in the
center (Figures S1J and S1K; ttip = 17.55 ± 1.42 s, tcenter =
20.50 ± 1.09 s; two sample t test p < 0.01), and nearly all spines
(26 of 32) exhibited faster fractional loss of PA-actin at the tip
(Figure S1L). To determine whether this difference in kinetics
was due to constitutively slower treadmilling of filaments in the
spine center, we sequentially targeted the tip and center of indi-
vidual spines (Movie S2). Following tip activation, we observed a
delayed peak of intensity at the center which occurred 9.3 ± 1.6 sfollowing the peak at the tip (Figures 1A and 1B). Overall, fluores-
cence at the center diminished dramatically more slowly than
at the tip (time to 50% intensity: 37.20 ± 5.70 s versus 10.55 ±
0.91 s; N = 9, p < 0.01). In contrast, following targeting of the
center (Figures 1C and 1D) of the same spines, we observed
neither a delayed peak at the tip, nor a tendency for tip kinetics
to be slowed (tcenter = 19.55 ± 2.73 s; ttip = 18.66 ± 2.51 s).
Following spine tip activation, we measured PA-actin fluores-
cence intensity move toward the center at speeds between
0.5 ± 0.1 mm/min and 1.1 ± .04 mm/min (Figures S1M–S1O),
consistent with the speed of polymerization-driven actin flow
(Danuser and Waterman-Storer, 2006; Schaefer et al., 2002),
and suggesting (Honkura et al., 2008) that actin dynamics at
the spine tip drive flow toward the center.
Sites of actin polymerization are important points of regulatory
control over the cytoskeleton, someasuring these sites is neces-
sary for clarifying spine organization. To test whether overall flow
is driven by addition of monomers preferentially at the tip, we de-
signed an experiment to measure relative rates of monomer
incorporation throughout the spine without the spatial bias of
targeted photoactivation (Figures 1E–1G). Whole spines were
first photoactivated but then immediately photobleached. A
delay of roughly the time constant of actin turnover (19 s) then
permitted the spine to refill with new monomers which can
become polymerized, and the spine was again photoactivated.
Because nonpolymerized monomers diffuse rapidly out of the
spine (Figures S1D–S1G), the pattern of fluorescence intensity
following the second activation reveals sites at which newmono-
mers were incorporated into filaments during the pause. We
measured intensity at the tip and the center in each spine through
this assay, and plotted these values normalized to the region
intensity following initial photoactivation (Figures 1F and 1G). In
each spine, relative incorporation was greater at the spine tip
than at the center. Overall, incorporation was 71.7% ± 6.4%
complete within 19 s at the tip but only 58.2% ± 2.5% at the
center (n = 9, p = 0.014, paired sample t test). However, reincor-
poration was not restricted to the spine tip (Figure 1E; Movie S3)
but broadly distributed within the spine head, apparent in some
cases along its circumference. Reincorporation was blocked by
addition of jasplakinolide (Figure S1P). Thus, this assay directly
confirms that the spine tip is a site of ongoing actin polymeriza-
tion, but clearly suggests that actin dynamics within spines are
more spatially heterogeneous than can be resolved using
confocal microscopy.
Tracking the Behavior of Single Actin Molecules
within Living Neurons
To obtain higher resolution than achievable through traditional
light microscopy, we turned to PALM, which uses the sequential
localization of activatable probes at very low spatial density to
provide nanometer resolution of macromolecular structures
(Betzig et al., 2006; Hess et al., 2006). We reasoned that tracking
polymerized actin molecules would allowmeasurement of orien-
tation and dynamics of filaments within the small confines of
dendritic spines. Importantly, whereas the image of any indi-
vidual molecule is diffracted to a broad peak as expected by
the point spread function of the microscope objective, the error
in our estimate of the location of the molecule is expected to beNeuron 67, 86–99, July 15, 2010 ª2010 Elsevier Inc. 87
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Figure 1. Heterogeneous Actin Polymerization Rates within Single Spines
(A) PA-actin fluorescence immediately after (green) or 32 s after (red) photoactivation at the spine tip. Intensity was thresholded to reveal the peak 25% of the
fluorescence at each time point. PA-actin distribution is shown superimposed on cell morphology obtained from tdTomato image (blue). Scale bar, 0.5 mm in
(A) and (C).
(B) PA-actin intensity measured within tip (red) or center (black) regions, following photoactivation in spine tip. Intensities are normalized within region.
n = 8 spines, separate neurons.
(C) As in (A), except photoactivation was targeted at the spine center.
(D) As in (B), except photoactivation was targeted at the spine center.
(E) Optical monomer incorporation assay to identify sites of ongoing polymerization. Actin in single dendritic spines was entirely photoactivated and then photo-
bleached. After a pause to allow additional, unactivated monomers to enter the spine, spines were photoactivated again. Newly incorporated actin moved inward
from the spine membrane, with restricted regions of high and low flow along the membrane (arrows).
(F) Analysis of example shown in (E). Fractional PA-actin intensity was normalized to the intensity after the first activation stepwithin regions of interest at the spine
tip (red) and center (black).
(G) Group data from monomer incorporation assay (n = 9 spines, separate neurons), showing higher fractional intensity in the spine tip following subsequent
photoactivation steps. The gray line represents the expected time course of new monomer incorporation within whole spines, estimated from the time course
(measured in Figure 1B) of actin loss from whole spines following photoactivation. *p = 0.014.
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Spine Actin Dynamics Resolved with PALMmuch smaller (103 smaller) than the width of this blurred
image (Thompson et al., 2002). Tracking individual molecules
over time in a living cell provides not only nm-scale localization
but also direct observation of molecular motion within the cell.
We therefore acquired single-molecule images of actin in the
spines of cultured neurons by adapting a previous approach
(Manley et al., 2008).88 Neuron 67, 86–99, July 15, 2010 ª2010 Elsevier Inc.Cells were transfected with actin fused to mEos2 (McKinney
et al., 2009), which fluoresces green until exposed to UV light
that irreversibly converts its emission to red. As expected, trans-
fectionwith actin-mEos2did not affect spine number or head size
(Figure S2A–S2D). Molecules were activated with very low inten-
sity 405 nm excitation, providing roughly 0.010 to 0.025 mole-
cules per mm2 in a given frame (Movie S4). Using oblique
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Figure 2. Single Actin Molecules Tracked with PALM within Dendritic Spines
(A) Time series from sequential images, showing a molecule which appears at time = 0 s and persists for six frames before disappearing. Scale bar, 200 nm.
(B) Overlays showing the molecule when it first appeared (red) and in each of the ensuing frames (green) before its disappearance. The final image shows the
position of the molecule at time = 0 s (red) and 10 s (green) superimposed over the mean intensity image of all 1531 frames (blue).
(C) Mean intensity projection of all 1531 frames provides a diffraction-limited image of the neuronal dendrite. Scale bar, (C and E) 5 mm.
(D) High magnification of boxed region in (D). Dashed line represents the border of the image in (E). Scale bar, (D and F) 250 nm.
(E) The local density of polymerized actin calculated as the total number of molecules which appeared within a radius of 111 nm (1 camera pixel) and that were
tracked over two or more frames (green) or localized in only a single frame (red). Output plotted in 27.8 nm bins (one-quarter the search radius).
(F) High magnification view of the highlighted region in (E). The dashed line in (D), (F), and (G) represents the outline of this image.
(G) The first localized position (red) and last localized position (green) of all molecules tracked for R3 frames and over a distance greater than 100 nm are
displayed. Tracks are concentrated in the spine head, and point predominantly away from the spine membrane. Scale bar, 250 nm.
(H) Net distance traveled bymolecules in a representative cell plotted as a function of the time since their appearance. 150ms exposures were collected at 0.5 Hz
(triangles) or 3.3 Hz (circles). 1978 frames were collected at 3.3 Hz, in which 7608molecules were localized in only a single frame, and 3278 were tracked over two
frames or more. 1025 frames were collected at 0.5 Hz, in which 12,708 molecules were localized for a single frame and 3662 were tracked for at least two frames.
Of these, 54.9%were tracked for two frames, and only 3.1% persisted >5 frames. Following jasplakinolide (open circles), 704 frames were collected at 0.5 Hz, in
which 2599 molecules were localized in a single frame and 1921 were tracked for at least two frames. Of these tracked molecules, 44.0% persisted two frames,
and 12.8% persisted >5 frames. Fiducial beads showed little motion (gray symbols).
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Spine Actin Dynamics Resolved with PALMexcitation illumination,molecules could frequently be followedby
eye over consecutive frames before their stepwise disappear-
ance (Figures 2A and 2B). We adopted several strategies for
preferentially measuring the dynamics of polymerized actin (see
Supplemental Experimental Procedures), most notably a long-
frame exposure time (Watanabe and Mitchison, 2002) with gapsbetween frames. By acquiring time-lapse datasets that included
100 s or 1000 s of images, we were able to compile trajectories
for tens of thousands of localized molecules within transfected
cells (Figures 2C–2G), many of which were tracked over multiple
frames. Consistent with the distribution of phalloidin staining of
F-actin in neurons (Allison et al., 1998), tracked molecules wereNeuron 67, 86–99, July 15, 2010 ª2010 Elsevier Inc. 89
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Spine Actin Dynamics Resolved with PALMprimarily found in spines and spine-like protrusions from the
dendritic shaft. Toquantify thedistributionof localizedmolecules,
wemapped their densitywithin subresolution spatial bins (111nm
bins, 1 camera pixel). Themolecular density of trackedmolecules
providedamapof thepolymerizedactin distributionwithin unper-
turbed, living neurons (Figures 2E and 2F, green). Importantly, the
distribution of untracked molecules (those appearing in only one
frame) in addition revealed the extent of the cell cytosol, providing
a map of cell morphology derived from super-resolvedmolecular
localization information (Figures 2E and 2F, red). Within spines
identified from these maps, the trajectories of tracked molecules
showedapropensity for inward polarizationoften readily discern-
ible without further analysis (Figures 2G and S2E).
To quantify molecular dynamics, we plotted themean distance
traveled by each molecule as a function of its time since appear-
ance (Figure 2H). Because photobleaching limits the number of
frames for which molecules can be imaged, we tracked popula-
tions of molecules over short and longer periods by acquiring
images with first a rapid (3.3 Hz) then a slow (0.5 Hz) frame rate.
The distance traveled by molecules tracked at 3.3 Hz over 2.1 s
was essentially the same as molecules tracked at 0.5 Hz over
2 s (3 Hz at 2.1 s: 137.5 ± 12.6 nm; 0.5 Hz at 2.0 s: 137.0 ±
6.9 nm; n = 11), verifying our tracking criteria (see Supplemental
Information). Molecules tracked over longer periods of time
moved greater distances, as expected. The initial slope of this
relationship is expected to reflect the average velocity of
molecular motion along filaments. Tracks in images acquired at
3.3 Hz revealed that molecules moved on average 38.8 nm/s
(2.3 mm/min). This value is considerably higher than themeasured
bulk flow velocity (Figure S1M–S1O), suggesting that bulk flow
obscures faster flowrates along individual fibers ofdifferent orien-
tations. However, the slopedecreased in longer tracks (13.5 nm/s
between 2 and 8 s), and approached 0 for the longest tracks
between 8 and 14 s long (0.9 nm/s). The asymptote of 205.4 ±
11.7 (mean length of tracks five to eight frames in length at
0.5 Hz, n = 14 neurons) is potentially explained if filaments within
spines rarely extend beyond this length, similar to a confinement
radius describing a limited area over which an otherwise freely
diffusing molecule can roam, as derived from single-molecule
mean squared displacement over time (Saxton and Jacobson,
1997). Alternatively, these data may reflect that flow velocity on
spine filaments is heterogeneous, such that slower movingmole-
cules remain on filaments for longer periods of time.
We tested whether our analysis selectively tracked the motion
of polymerized actin molecules by examining the effects of
jasplakinolide, an actin filament stabilizer. Jasplakinolide greatly
restricted the motion of tracked molecules (Figure 2H), reducing
the distance traveled during the initial 2 s (130 nm to 76.6 nm) as
well as the slope of the relationship between 2 and 8 s (13.5 nm/s
before; 8.7 nm/s after jasplakinolide). Jasplakinolide reduced the
mean distance traveled by tracked molecules to a level indistin-
guishable from that seen in fixed cells (i.e., from the value arising
from instrumentation noise) at both rapid and slow frame rates
(Figures 3A, 3B, and S3A–S3C, available online). The fraction of
molecules that traveled beyond 100 nm was also decreased
following jasplakinolide to a level similar to that seen in fixed
cells (Figure S3D), and the mean net distance for tracks five to
eight frames in length was reduced to 110.1 ± 8.2 nm (from90 Neuron 67, 86–99, July 15, 2010 ª2010 Elsevier Inc.205.4 ± 11.7 prior to treatment, p < 0.01; paired t test, n = 14).
Mapsofmean localmolecular velocitywere createdby averaging
the velocity (net distance/track duration in seconds) of all mole-
cules which originated within 111 nm (1 camera pixel) of each
55.5 nm output pixel (Figure 3C). Mean local molecular velocity
was reduced by jasplakinolide throughout each of 14 neurons
(Figures 3C, 3D, S3E, and S3F; 53.2 ± 11.2 nm/s before, 24.8 ±
7.3 nm/s after, n = 14, p < .01). The value after jasplakinolide
was essentially indistinguishable from that in fixed cells (24.6 ±
2.3 nm/s, n = 7; Figure S3G), indicating that any remainingmotion
was within the limit of our detection (Thompson et al., 2002).
If continuous polymerization is responsible for driving most
actin flow along spine filaments, depolymerization and subse-
quent free diffusion ofmolecules would be expected to terminate
tracks. Indeed, the mean persistence of tracked molecules (in
seconds) increased after jasplakinolide treatment in 14/14 cells
(Figures 3E–3G and S3H). Together with the rapid time constant
for turnover of photoactivated PA-actin (Figure 1), these data
indicate that many tracked molecules reach the end of filaments
and are depolymerized before photobleaching, consistent with
a population of short filaments within spines. The strong effects
of jasplakinolide on molecular velocity suggest that polymeriza-
tion drives the large majority of actin flow in spines. It is likely that
the remaining motion (above the error-derived values in fixed
cells) reflects the role of myosin-based contractility.
Resolution of Perisynaptic Polymerized Actin
Tomeasure the distribution of actin near synapses, we used two-
color PALM (Shroff et al., 2007) of fixed neurons cotransfected
with actin-tdEos and the postsynaptic density protein GKAP
(Welch et al., 2004) tagged with the photoswitchable green
protein dronpa (Figures 4A–4C). Molecules of each were photo-
activated, and the locations and localization uncertainty were
plotted to encode the probability of finding a molecule at any
position (Betzig et al., 2006). The resulting images showed
areas of high actin density abutting the PSD of synapses both
in spines and on the dendritic shaft (Figure 4B). Line profiles
through areas of interest confirmed the low probability of finding
actin molecules within the PSD itself (Figure 4C).
To examine polymerized actin density in relation to the PSD
in living cells, we acquired single-molecule time lapses of
actin-mEos2 followed by diffraction-limited images of PSD95-
cerulean (Figure 4D), and compared the molecular density
maps created from tracked actin molecules to the position of
PSD95-cerulean. This analysis revealed a striking peak density
of polymerized actin near the PSD (Figure 4E). Examining indi-
vidual images confirmed that polymerized actin density was
notably higher near the edge of the PSD (Figures 4F–4H), even
in the case of morphologically complex PSDs. Some actin mole-
cules were localized overlaying the PSD, though the finite
thickness of the optical section precludes determining whether
these molecules were above or truly within the PSD. These
observations using PALM thus confirm electron microscopy
(EM) of fixed cells showing filaments near or touching the PSD
(Capani et al., 2001; Fifkova and Delay, 1982). Further analysis
(see below) extends these results significantly by demonstrating
directly that such perisynaptic actin is highly dynamic rather than
merely a stable or structural scaffold.
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Figure 3. Single-Molecule Motion Describes
theBehaviorofPolymerizedActinMonomers
(A) A neuron expressing actin-mEos2 was imaged
sequentially at 3.3 and 0.5 Hz. Following the
addition of jasplakinolide, the neuron was again
imaged at 3.3 and 0.5 Hz. Each black point repre-
sents the distance traveled by a tracked molecule.
Red circles represent the mean distance traveled
of 100 consecutive tracked molecules. Note that
the time-dependent increase in molecule motion
is abrogated by the addition of jasplakinolide.
(B) Local mean net distance traveled by localized
molecules within cells which were consecutively
imaged at 3.3 and 0.5 Hz before and after jasplaki-
nolide (n = 7) as in (A), and separate cells which
were fixed in 4% paraformaldehyde before
imaging at 0.5 Hz (n = 7 cells from four cultures).
Two-way ANOVA; **p < 0.001.
(C) Molecule velocity map of the same neuron
before (left) and after (right) jasplakinolide. Mole-
cule velocity decreased in all spines following
treatment. Inset: High magnification of a represen-
tative spine from indicated region. Scale bar: 5 mm,
inset 1 mm.
(D) Local mean velocity was calculated by aver-
aging the velocity of each track originating within
a 111 nm radius of each 55.5 nm output pixel
(as in A). Local mean velocity was decreased in
14/14 cells (eight cultures) following jasplakinolide
(averaged per pixel). **p < 0.001.
(E) Representative example showing average time
over which molecules were tracked (in seconds;
tracked at 0.5 Hz; same cell as Figures S3A and
S3C) before and after addition of jasplakinolide.
Each point represents the average track length of
100 tracked molecules.
(F) The mean time over which molecules were tracked increased after the addition of jasplakinolide in 14/14 cells (eight cultures). Paired t test; **p < .0001.
(G) Analysis of all tracked molecules before and after the addition of jasplakinolide (14 neurons, eight cultures). Total molecules tracked before jasplakinolide was
172,879. Total molecules tracked after the addition of jasplakinolidewas 96,240. The fraction of tracks persisting over the designated number of frames is plotted.
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Spine Actin Dynamics Resolved with PALMHeterogeneous Actin Dynamics within Spine
Subregions
Tracking single molecules permitted us to measure the spatial
heterogeneity of actin dynamics across the inner extent of
spines, by mapping characteristics of molecules whose tracks
began within defined spatial bins. Molecular velocity was
strikingly heterogeneous within spines (Figure 5A). Most notable
were distinct regions of high-velocity motion. Such regions were
typically found along restricted portions of the spine membrane.
The narrow lateral extent and the depth into the cell interior
argue against the possibility that they represent an edge effect,
since such an effect should be uniform along the membrane and
not affect molecules farther interior than the error in molecule
localization. In fixed cells and neurons treated with jasplakino-
lide, mean local velocities decreased to the level of localiza-
tion-error-derived background noise (Figures 5B, S3E, and
S3F). Vector plots representing local average molecular direc-
tion and velocity were constructed to map flow at high spatial
resolution. This local flow was overwhelmingly directed inward
from the spine membrane (Figures 5C, 5D, and S4). The interior
of all spines comprised dense actin of somewhat slower
velocity and notably reduced local flow, most easily explainedby heterogeneous filament orientation. Perhaps most strikingly,
at irregular points along the membrane, regions of inwardly
directed, high net velocity were observed, which we take to
be sites of dramatically enhanced polymerization. These sites
presumably underlie the distributed monomer incorporation
observed following unbiased confocal photoactivation (Fig-
ures 1E–1G).
Surprisingly, the inward orientation of flow was observed even
at the opening of the spine neck. Actin within the spine neck has
been difficult to resolve in live cells, but we found that the high
sensitivity and spatial resolution of single-molecule tracking
enabled measurement of molecular motion along filaments
in the neck (Figures 5C, 5D, 5F, and S4). This provides direct
evidence supporting the existence of dynamic actin filaments
in the spine neck. Further, all spines with a clearly identified
neck contained molecules with a net inward flow, though overall,
roughly one-half as many actin molecules flowed outward
through the neck as flowed inward (67% ± 5% of filaments
inward; n = 13 spines from 13 neurons in four cultures).
Maps of actin molecular velocity in many cases revealed
multiple foci in broadly spaced regions of the spine (Figure 5E).
To examine filament orientation within these regions, weNeuron 67, 86–99, July 15, 2010 ª2010 Elsevier Inc. 91
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Figure 4. Spatially Restricted Distribution of
Polymerized Actin Visualized with PALM
Near Synapses
(A) Two-color PALM image of actin-tdEos and
GKAP-dronpa in a fixed neuron. Molecules
localized with error less than 30 nm (Actin-tdEos,
red) or 100 nm (GKAP-Dronpa, green) are shown
mapped with a pixel size of 5 nm. Scale bar, 1 mm.
(B) Closer view of synapses on a spine (top) and
shaft (bottom), showing lines along which mea-
surements were made in (C). Scale bar, 500 nm.
(C) Relative molecular density probability of actin-
tdEos (green) and GKAP-Dronpa (red) along
75 nm-wide lines (30 pixels) shown in (B). Dotted
lines highlight the width of the profile at a proba-
bility of 0.5 (top, 121 nm; bottom, 87 nm).
(D) The local density of polymerized actin calcu-
lated as the number of tracked actin-mEos2 mole-
cules within a 111 nm radius. Local density (green)
was plotted at one-quarter this scale (27.8 nm
bins), and overlaid on the diffraction-limited image
of PSD-95-cerulean (red). Scale bar, 5 mm.
(E) The distribution of tracked actin-mEos2 mole-
cules as a function of distance from the center of
PSDs identified by localization of PSD-95-ceru-
lean (n = 4 neurons, 148 PSDs).
(F–H) Three synapses from (D), revealing close
association of polymerizing actin with the PSD.
Scale bars, 500 nm.
(I) Actin distribution at a shaft synapse showing
actin (left) encircling the PSD (middle). Scale bar,
500 nm. Green color bar represents local density
of polymerized actin in (A–E).
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Spine Actin Dynamics Resolved with PALMconstructed vector plots of local net flow direction and magni-
tude (Figures 5C, 5D, 5F, and S4). This analysis indicated that
foci of high-velocity motion were associated with more strongly
congruent directionality, i.e., a fast local flow vector. Though not
all regions of relatively highly correlated motion direction were
within regions of high velocity, such association was seen in
nearly all of >100 foci examined. Importantly, by overlaying
vector plots of net flow with widefield images of PSD-95-ceru-
lean, it was clear that foci of high-velocity motion often occurred
near or overlapping with the diffraction-limited image of the PSD
(Figures 5F and S4; and see below).
Distribution of Focal Sites of Polymerization
within Spines
To quantitatively assess the distribution within spines of focal
sites of enhancedpolymerization,we identified these regions first92 Neuron 67, 86–99, July 15, 2010 ª2010 Elsevier Inc.by thresholding each cell’s velocity map
(Figures 6A–6C; see Experimental Proce-
dures). Spines contained on average 1.7 ±
0.6 foci (n = 68 foci in 30 spines in five
neurons; Figures 6C and 6D). All foci
were eliminated by application of jasplaki-
nolide, and rescaling the threshold based
on the extremely low velocity following
jasplakinolide did not rescue the number
of foci, confirming their dissipation in theabsence of normal polymerization (Figure 6D). Foci were found
distributed widely through the spine, with a preponderance in
the lateral or tip regions of the spines (Figure 6E). The large
majority were within 150 nm of the spine membrane (Figure 6F),
(the location of which was deduced from the distribution of all
localized actin molecules). Like others (Honkura et al., 2008),
we found that the average velocity of actin flowwasweakly corre-
latedwith the sizeof the spine (Figure 6G; correlation coefficient =
0.43, p < 0.05, n = 28). More notably, however, larger spines had
more foci (Figure 6H; correlation coefficient = 0.67, p < 0.01, n =
28). To examine this further, we compared the number of foci in
spines from neurons overexpressing clathrin-cerulean, which
has no effects on spine size (Blanpied et al., 2002; Petrini et al.,
2009), with those overexpressing PSD-95, which is known to
increase synapse strength and spine size (Bredt and Nicoll,
2003). PSD-95 overexpression increased the number of foci by
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Figure 5. Heterogeneous Actin Dynamics
within Individual Spines
(A) Map of actin molecule velocity across the inner
extent of a dendritic spine. The mean velocity of
molecules within 111 nm was plotted at each
55.5 nm pixel for which there wereR3 molecules
within this radius. Restricted areas of high velocity
are clearly visible. Scale bar, 250 nm.
(B) Actin velocity map of fixed spines, showing that
error stemming from finite molecular localization
precision is minimal and spatially unmodulated.
Scale bar, 500 nm.
(C and D) Representative spines showing inward
orientation of actin flow. Arrow length represents
relative velocity. Gray scale represents tracked
molecular density. Scale bar, 200 nm; vector,
100 nm/s.
(E) Actin velocity map and locally averaged molec-
ular movement vector (F) plotted superimposed on
local tracked molecule density (green) and the de-
convolved widefield image of PSD-95-cerulean
(red). Some but not all foci of high-velocity motion
are closely associated with the synapse. Scale
bar, 250 nm; vector, 200 nm/s. Color bar repre-
sents tracked molecular density for (F).
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Spine Actin Dynamics Resolved with PALM1.6-fold (p < 0.05, n = 24 and 27 spines from four cells each for
PSD-95 and clathrin, respectively). These data indicate that the
subspine actin velocity landscape is more intricate in large
spines, and suggests that as synapses strengthen, they acquire
unique organizational or functional complexity.
Differing Actin Polymerization Dynamics at the Synapse
and Endocytic Zone
Sites of enhanced polymerization could be randomly distributed
within spines and thus presumably mediate only morphological
change, or could be tied to functional domains such as the
synapse or the endocytic zone (EZ). To distinguish between
these possibilities, we first examined spines from neurons triply
transfected with actin-mCherry, PSD-95-GFP tomark synapses,
and clathrin-cerulean to mark the EZ (Blanpied et al., 2002).
Intriguingly, confocal images of these spines suggested that
the density of actin near PSDs was greater than near the EZNeuron 67, 8(Figure S5A), but the limited resolution
prevented detailed analysis of actin
dynamics in relation to each structure.
We therefore measured the distribution
of polymerized actin via smtPALM in rela-
tion to widefield images of clathrin-ceru-
lean acquired after tracking. Strikingly,
the distributions of 1000s of tracked
(polymerized) molecules surrounding the
center of the EZ was quite different than
that surrounding the PSD (Figure 7A).
Whereas the peak density occurred only
300 nm from the imaged center of the
PSD, tracked actin molecules showed
no prominent peak density even within
1 mm. We therefore examined directlywhether polymerization foci occurred preferentially near
synapses or the EZ, by overlaying maps of foci derived from
single-molecule tracking with widefield images of the PSD or
EZ (Figures 7B and 7C). PSDs typically were found with one or
more actin foci on or almost directed apposed to them. On the
other hand, actin foci appeared less frequently to abut the EZ
marked with clathrin (Figure 7C). We calculated a nearest
neighbor distribution by measuring the distance from the center
of each PSD or clathrin punctum to the nearest actin polymeriza-
tion focus. A histogram of these nearest neighbors (Figure 7D)
revealed that actin foci lay significantly further from the EZ than
from the PSD (median distance 565 ± 43 nm for clathrin versus
420 ± 14 for PSD-95, p < 0.05). Furthermore, the most striking
difference in the distributions was in the closest bin: A signifi-
cantly greater fraction of PSDs were associated with an actin
polymerization focus within 250 nm (p < 0.05, t test). This closer
relationship was apparent also in the left-shifted cumulative6–99, July 15, 2010 ª2010 Elsevier Inc. 93
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Figure 6. Widespread Distribution of Focal
Points of High-Velocity Flow within Spines
(A–C) Definition of polymerization foci. Spatially
averaged velocity maps (A) were thresholded to
their mean + 1.5 times their SD, to produce binary
maps of pixels with high average velocity. These
were band pass filtered to exclude and combine
single pixels (B). Foci (red) superimposed on an
image map showing density of both tracked
(green) and untracked molecules (blue) (C).
(D) Average number of foci per spine before and
after 5 min treatment with jasplakinolide, and
then after recalculation of the velocity map
threshold following jasplakinolide (**p < .01,
***p < .0001, repeated-measures ANOVA; n = 12
spines from five neurons, five cultures).
(E) Distribution of foci positions within spine subre-
gions delineated as sketched (n = 68 foci, 30
spines from five neurons, five cultures). The
majority were at the tip and lateral regions.
(F) The distribution of focal regions from (E), with
respect to the plasma membrane.
(G) The average velocity of all pixels within indi-
vidual spines (n = 32 spines, six neurons, six
cultures). Solid line shows the linear regression.
(H) Number of foci per spine as a function of spine
area (n = 32 spines, six neurons, six cultures). Solid
line shows the linear regression.
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Spine Actin Dynamics Resolved with PALMnearest neighbor distance (Figure 7E; p < 0.005, Man-Whitney U
test). To confirm this automated analysis, we manually counted
foci to score whether they overlapped 1 or more image pixels
with thresholded images of PSDs or EZs. The results were very
similar (Figure 7F), indicating that actin foci occurred at PSDs
with roughly twice the likelihood as at EZs (p < 0.01).
To test in an independent way whether the behavior of poly-
merized actin molecules in the vicinity of the PSD or EZ differed,
but without relying on definition of discrete foci, we analyzed
the mean molecular velocity of actin in spatial bins surrounding
the functional markers. Molecules whose tracks began closest
to the synapse (i.e., their tracks initiated within the borders of
the PSD as determined from deconvolved, widefield images of
PSD-95-cerulean) or those within a 300 nm annulus around the
PSD had significantly higher mean velocities than molecules
whose tracks initiated further than300nmaway from the synapse
(Figure 7G). In contrast, molecules whose tracks initiated within
the boundaries of the EZ were no faster than those lying immedi-
ately outside the EZ or more than 300 nm from it (Figure 7H).
Accordingly, even though the average molecular velocity across
the entire cells did not differ for neurons expressing PSD-95-
cerulean or clathrin-cerulean, the velocity of molecules at the
synapse was significantly greater than those at the EZ94 Neuron 67, 86–99, July 15, 2010 ª2010 Elsevier Inc.(Figure 7I; p < 0.01, t test followed by
Bonferroni correction for multiple com-
parisons; Figure S5B–S5D).
DISCUSSION
We have used a variety of confocal and
single-molecule tracking measurementsto analyze actin dynamics within the submicron dimensions of
single living dendritic spines. Our results make clear that spines
contain a dense and highly dynamic perisynaptic actin network,
tightly localized foci of polymerization both at and away from
the synapse, a dense central core of heterogeneous filament
orientation, and actin filaments in the spine neck frequently
oriented with barbed ends toward the dendritic shaft.
Dynamics of Perisynaptic Actin
We find continuously polymerizing actin immediately apposed
to the synapse, and the density of actin filaments reaches
a peak within 300 nm of the PSD center. Recent indications
that filament structure observed by EM is highly sensitive to
fixation conditions (Urban et al., 2010) emphasize the need for
further live-cell measurement of cytoskeleton behavior and func-
tion. Nevertheless, the distribution we observed is consistent
with EM localization of filaments near or abutting the PSD
(Caceres et al., 1983; Capani et al., 2001; Rostaing et al., 2006).
Indeed, Fifkova and Delay (1982) found filaments with barbed
ends oriented toward the PSD, as well as filaments of differing
orientation near the PSD, even running parallel to it, which is
consistent with the highly localized and heterogeneous organiza-
tion we have observed. This complex assembly pattern likely
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Figure 7. The PSD and the Endocytic Zone
Show Distinct Patterns of Polymerization
Dynamics
(A) The distribution of tracked actin-mEos2 mole-
cules as a function of distance from the center of
PSDs (black) or EZs (red) (n = 148 PSDs, four
neurons, four cultures; 354 EZ, four neurons, two
cultures).
(B) Frequent colocalization in spines of PSD-95-
cerulean (blue) with focal areas of high-velocity
actin motion (red). The density of tracked actin-
mEos2 is shown (green). Arrowheads indicate
PSDs. B1 and B2 show spines from two different
neurons. Scale bars, 500 nm.
(C) Infrequent and less direct colocalization of
clathrin-cerulean3 (blue) with actin polymerization
foci (red). The density of tracked actin-mEos2 is
shown (green). Arrowheads indicate EZs. (C1)
and (C2) show spines from two different neurons.
Scale bars, 500 nm in (C1), 1 mm in (C2).
(D) Histogram of the distribution of distances from
localized PSDs (black) or EZs (red) to the nearest
focal point of high-velocity actin motion. A signifi-
cantly higher fraction of PSDs had associated
foci within the closest 250 nm (p < .05, t test).
The average PSD was closer to a focus of high-
velocity particle motion than the average EZ
(median 420.0 ± 14.4 versus 565.5 ± 42.3 nm,
p < .05 t test). Data from four cells from four
cultures.
(E) Cumulative distribution plot of individual PSDs
(n = 148) or EZs (n = 354) from the cells in (D). These
curves were different (p < 0.01, Mann-Whitney U
test).
(F) Percent of PSDs or EZs that colocalized (over-
lapped pixels with) actin polymerization foci (*p <
.05, t test; n = 100 PSDs, four neurons, four
cultures; 148 EZs, four neurons, two cultures).
(G) Average velocity of tracked particles origi-
nating within thresholded PSDs, within 300 nm of
the PSD, or elsewhere in each of 10 cells. Tracked molecules originating at or near the PSD moved significantly faster than molecules originating elsewhere
in the cell (p < .05; paired t test with Bonferroni correction).
(H) Average velocity of tracked particles originating within thresholded EZs, within 300 nm of the EZ, or elsewhere in each of 13 cells. Tracked molecules
originating at or near the EZ did not move significantly differently thanmolecules originating elsewhere in the cell (p > .05, paired t test with Bonferroni correction).
(I) Average velocity of tracked particles at the PSD or EZ, within a 300 nm radius, or elsewhere in the cell. The velocity of tracked actin molecules originating at the
PSD was significantly higher than that of tracked actin molecules originating at the EZ (p < .01, unpaired t test with Bonferroni correction).
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Spine Actin Dynamics Resolved with PALMarises from the concentration of the Arp2/3 branching nucleation
factor only 200 nm from the PSD edge (Racz and Weinberg,
2008), and further suggests that the perisynaptic actin network
is a uniquely nimble collection of highly dynamic filaments.
The tight synaptic association of the cytoskeleton presumably
underlies its role in maintaining synaptic glutamate receptors
(Allison et al., 1998; Kim and Lisman, 1999; Zhou et al., 2001).
We find that polymerization-driven flow along filaments at the
synapse is faster than elsewhere in the spine, suggesting that
receptor ‘‘anchoring’’ by the cytoskeleton may in fact involve
an active processmediated by polymerizing filaments, not stable
ones. Dynamic perisynaptic filaments also provide a straightfor-
ward explanation for the pronounced, actin-driven morpholog-
ical distortion that most PSDs undergo on a continual basis
(Blanpied et al., 2008). Direct cytoskeletal control of the
morphology of the synapse proper, rather than the spine in
general, may contribute to subsynaptic receptor positioningwith respect to sites of neurotransmitter release important for
synaptic strength (Raghavachari and Lisman, 2004). Indeed,
the latrunculin sensitivity of PSD scaffold protein content (Allison
et al., 2000; Kuriu et al., 2006) suggests that actin-dependent
receptor anchoring may stem from cytoskeletal interaction with
the proteins of the PSD rather than receptors directly. As actin
polymerization also regulates the lateral diffusion of membrane
proteins into and out of the dendritic spine (Richards et al.,
2004), it is tempting to speculate that a dynamically regulated
cytoskeleton surrounding the PSD may restrict the territory
explored by freely diffusing receptors, potentially gating receptor
exit or entry to synapses (Yang et al., 2008).
Roles of Polymerized Actin in Spine Subdomains
Using targeted photoactivation, we observed as reported
previously (Honkura et al., 2008) that spines possess a general
tip-to-base orientation of actin flow. However, both an opticalNeuron 67, 86–99, July 15, 2010 ª2010 Elsevier Inc. 95
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Spine Actin Dynamics Resolved with PALMmonomer-incorporation assay and single-molecule tracking
revealed that this does not result strictly from preferential poly-
merization activity at the spine tip or at the synapse. Rather, sites
of high polymerization activity are broadly distributed and found
at spine tips, in lateral domains, and even in or near the neck.
These distributed sites likely represent points of regulated
control over filament density, length, and turnover. Thus, the
tip-to-base flow structure that can be resolved via relatively
low resolution confocal microscopy appears to be an emergent
phenomenon that masks a more intricate and functionally
revealing underlying organization. Synapses but not endocytic
zones were prominently associated with these foci; we take
this nonrandom distribution as clear evidence in favor of the
notion that actin dynamics regulate spine function through
specific mechanisms aside from influencing spine morphology.
Indeed, larger spines were not merely expanded versions of
small spines: they were more intricate, containing more foci.
Thus, we conclude that for spines, strength is associated not
merely with size but with organizational complexity that may
support computational sophistication.
The high resolution of PALM allowed us to identify unexpected
characteristics of actin dynamics within two clearly identified
subdomains away from the synapse. The EZ, a region of clathrin
assembly reliably positioned 100 s of nm away from the synapse
(Blanpied et al., 2002; Lu et al., 2007; Racz et al., 2004), is an
important potential site of actin polymerization within the spine.
However, by a number of tests, foci of polymerization were not
closely associated with clathrin puncta within the spine, and
the velocity of actin monomers on filaments near the EZ was
not different than the surrounding spinemilieu. This is particularly
surprising given that the endocytic zone contains numerous
actin-binding molecules which likely regulate endocytosis
(Engqvist-Goldstein and Drubin, 2003; Rocca et al., 2008; Yarar
et al., 2005). However, consistent with a limited tonic role of actin
polymerization at the spine EZ, clathrin puncta are not disas-
sembled or disrupted during latrunculin application (Blanpied
et al., 2002), whereas AMPA receptors and PSD scaffold
proteins are quickly lost (Kuriu et al., 2006; Zhou et al., 2001).
Our results are thus consistent with the idea that actin polymer-
ization at the EZ is either highly transient during endocytosis
(Merrifield et al., 2002) or even negatively regulated in spine
subregions (Rocca et al., 2008). PALM offers the possibility to
resolve whether actin de/polymerization during induction of
long-term depression occurs at the synapse, at the EZ, or at
intervening points of the membrane traversed by receptors
destined for endocytosis.
Platinum replica electron microscopy recently identified the
presence of the Arp2/3 branching nucleator and a network rather
than a bundle of filaments at the point of emergence of the spine
from the shaft (Korobova and Svitkina, 2009), suggesting that
filament organization within spine necks is not a simple bundle.
Our results confirm and extend these observations by providing
live-cell measurements indicating that mature spine necks
contain a complex filament organization of mixed directionality.
The molecular basis for this remains to be determined, but
functionally, the mixed orientation of neck filaments suggests
that myosins which translocate to either the barbed end or
pointed end of actin filaments could mediate vesicular traffic96 Neuron 67, 86–99, July 15, 2010 ª2010 Elsevier Inc.both to and from the spine head (Correia et al., 2008; Osterweil
et al., 2005; Wang et al., 2008).
Regulation of filament length through depolymerization is
mediated by cytosolic proteins that are unlikely to discriminate
between filaments emanating from different, distant locations.
On the other hand, there are a number of mechanisms by which
active spatial regulation of polymerization would allow filaments
of unique length or structure to be organized at discrete
locations. At the synapse, for instance, cortactin (Hering and
Sheng, 2003; Uruno et al., 2001) and Abp1 (Haeckel et al.,
2008) interact with the PSD protein Shank through SH3 domains
and activate the Arp2/3 complex. Thus, it will be essential to
measure within the spine the distribution of proteins that control
polymerization, the mechanisms of their positioning over both
short and long time scales, and potential means of compartmen-
talizing regulatory signaling cascades.
Dynamics of Spine Filament Organization
On average, the distance traveled by tracked actin molecules
increasedwith time for only approximately 8 s, reaching a plateau
near 200 nm, suggesting that the large majority of filaments are
shorter than 200 nm. Consistent with this interpretation, both
classical and more recent EMmethods show a filamentous actin
network which stretches throughout the spine head, but with few
filaments extending unambiguously longer than 250 nm (Fifkova
and Delay, 1982; Korobova and Svitkina, 2009; Rostaing et al.,
2006). Furthermore, immuno-EM localization of actin-binding
proteins within dendritic spines shows that the branch regulator
Arp2/3 concentrates within 100 nm of the spine plasma mem-
brane (Racz and Weinberg, 2008), and the filament-severing
protein cofilin concentrates within 200 nm of the plasma mem-
brane (Racz and Weinberg, 2006), suggesting tight regulation
of filament dynamics near the membrane. Thus, one significant
difference between the actin networks of dendritic spines and
lamellipodia is the considerably shorter filament length that
exists in the spine head. Because neural activity is well known
to regulate spine actin dynamics (Cingolani and Goda, 2008;
Honkura et al., 2008; Okamoto et al., 2004; Penzes et al.,
2008; Star et al., 2002), one intriguing interpretation of this differ-
ence is that a network of short filaments optimizes both the
temporal and spatial response characteristics of actin within
the spine following receptor activation.
Filament dynamics in the spine interior were complex, with
frequently high single-molecule velocities yet little correlation
of the local direction of motion. Interestingly, both photoactiva-
tion and particle tracking indicated that few filaments penetrate
from the spine head into the spine neck. This suggests that
the deep interior of the spine near the spine neck represents a
zone of depolymerization where filaments converge from
broadly distributed regions of the spine head and neck. One
potential implication of such an organization is that depolymer-
ization of filaments at this point would offer coordinated regula-
tory control over both spine morphology and diverse actin
functions in the spine. The actin-severing protein cofilin is en-
riched in spines (Racz and Weinberg, 2006), and with its regula-
tors LIM kinase and slingshot is known to exert powerful control
over spine morphology (Meng et al., 2002) during long-term
depression (Wang et al., 2007; Zhou et al., 2004) and potentiation
Neuron
Spine Actin Dynamics Resolved with PALM(Rex et al., 2009). Such control may be facilitated by attacking
filaments at this key organizational point.
Single-Molecule Tracking of Intracellular Proteins
The high contrast ratio of activated to nonactivated fluorescence
ofmEos2 (Shroff et al., 2007) has allowed us to track single mole-
cules with very high precision in the x-y plane. Spine geometry
thus permitted determination of molecular motion with highest
confidence along the spine’s most peripheral membrane, where
internally directed flow is parallel to the plane of focus. In addi-
tion, spine necks are thin enough to be contained within the
illuminated volume, and the predominant flow toward the head
is unlikely to be contaminated by 3D ambiguity. Within the spine
central core, filament orientation is clearly more complex and
irregular, but is also more difficult to determine unambiguously
due to the existence of axially oriented filaments in which molec-
ular velocity will be underestimated. Future advances in tracking
tools may allow detailed analysis of molecules in three dimen-
sions. Accurate 3D tracking of molecule motion within living
spines or other cell regions will complement other emerging 3D
super-resolution techniques such as Stimulated Emission
Depletion (Nagerl et al., 2008), though creating volumetric
instead of planar maps through optical and analytical strategies
for 3D localization will naturally require a dramatic increase in the
total number of molecules tracked, at the expense of temporal
resolution.
Our results demonstrate that single-molecule tracking offers
the potential to dramatically facilitate analysis of signaling
molecules, scaffolds, and other critical proteins whose dynamic
behavior has remained obscure due to intricate cell morphology
and highly compartmentalized function. Antibody-based
methods to track single proteins in the plasma membrane have
been remarkably successful (Borgdorff and Choquet, 2002;
Ehlers et al., 2007; Sako et al., 2000). However, tracking intracel-
lular proteins has presented a very steep challenge, because
antibodies are generally not suitable to label single proteins
within cells whereas bulk-expressed GFP-tagged proteins can-
not easily be discriminated as single molecules. Massively
parallel, dual-probe (Subach et al., 2009), single-molecule
tracking with PALM appears to provide a general tool for
mapping the dynamics of key constituents in synapses and other
small domains of many cell types.
EXPERIMENTAL PROCEDURES
Hippocampal neuronal cultures were prepared from E18 rats (Blanpied et al.,
2002). Transfections were performed using Lipofectamine 2000 after 13 to
21 days in culture, and imaging was performed 48 hr later. Multiphoton photo-
activation was conducted on an LSM510Meta (Zeiss), using 820 nm excitation
from a MaiTai Ti:Sapphire laser (SpectraPhysics) and a 603, 1.4 NA objective.
PALM imaging of fixed neurons expressing actin-tdEos and GKAP-Dronpa
was conducted essentially as described (Shroff et al., 2007). sptPALM was
carried out by modifying the approach of Manley et al. (2008). For tracking
single actin molecules (Tatavarty et al., 2009), images were acquired using
150 ms exposures every 300 ms or 2 s as noted. Following acquisition of
sptPALM images, widefield images of PSD95- or clathrin-cerulean were
acquired using a Xenon lamp and appropriate filters (Shroff et al., 2007) at
multiple Z positions surrounding the sptPALM focal position, deconvolved in
ImageJ, and summed. Molecules were localized by fitting a 2D elliptical
Gaussian function to a 9 3 9 pixel array surrounding the peak, and locationswere assembled into tracks using freely available algorithms (Manley et al.,
2008). All subsequent analysis was written in Matlab. Molecules were segre-
gated into those which were tracked over multiple frames, and those which
appeared in a single frame only. The distribution of tracked molecules repre-
senting polymerized actin was calculated based on the density of molecules
within a search radius of 1 camera pixel (111 nm). Local mean velocities and
local flow rates were calculated using the first and last points of tracks origi-
nating within this radius. Velocities and vectors were mapped only in pixels
with three or more tracks originating within the search radius.
SUPPLEMENTAL INFORMATION
Supplemental Information includes five figures, four movies, and Supple-
mental Experimental Procedures and can be found with this article online at
doi:10.1016/j.neuron.2010.05.026.
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